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ABSTRACT

The failure of transformers is of significant importance to the economy and
society, and partial discharge (PD) is a crucial factor in transformer failure. This thesis
investigates the application of electromagnetic wave propagation to detect partial
discharges in transformers. Specifically, the study focuses on the transfer function of
electromagnetic waves within the transformer based on the Friis” transmission formula.
A matched filter is utilized as a receiver to adjust the signal quality appropriately. The
research employs vector network analyzers to measure and record the results. A
microstrip patch antenna operating at 2.4 GHz serves as both a transmitting and
receiving antenna, enabling the study of the characteristics of electromagnetic wave
propagation in the transformer. The assessment includes the evaluation of transfer
function magnitude and phase, power delay profile, and path loss. The experimental
results reveal the features of electromagnetic wave propagation within the transformer
at different positions and compare the cases of unobstructed and obstructed
environments. The research findings demonstrate the significant impact of internal
obstructions on the transfer function of electromagnetic wave propagation, as it is
affected by internal reflections within the transformer. This thesis presents a highly
beneficial experimental evaluation scheme, providing insights into the characteristics
of electromagnetic wave propagation within transformers. This knowledge can be
utilized to further develop suitable sensors or antennas. The positioning of sensors
and the methodology for evaluating the performance in detecting partial discharges
can be employed, considering the power delay profile. Moreover, the research serves

as a valuable reference for future studies in this field.
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HV components

GIS
Transformers
Cables

Conventional Non-
methods conventional
(IEC 60270) methods

Electro -
magnetic

measurement@ measurement
in frequency in time

Acoustical

detection

domain domain detection

Chemical
compounds

Detection of

optical
occurrences

analysis

JUTN 2.4 TN159599MINTAAWIFIV9E [3]

231 MIATIIMshar$ausaudeisaaiau (Conventional method)
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2.3.3 M1SASIMINTAEYI5UNEIUAITIAT (Chemical method)
ABN1INTIAININTHAYITIV AWMU RATEMIUATILDIFENENNITNTIINANILAL]
aa a ° a ¢ a a ¢ ' v
Ansidsundacluresauiu lngaiunsavinnisiasizinisiianisaasnsaunsdiulaain
nsaaTzsuialulileauiu (Dissolve gas analysis: DGA) @eausalalunisnsiaminisiia
AshawsavednlaannIINIIvANITNTULarUS N avaLAaNLAnT Y weiagelsAnu
FBnsluanunsassyiuulaziuiinifiansiinnishaysaunsdnle (3]
2.3.4 M1SASIMINTAEYITIVeEIUAEITIEBS (Acoustic method)
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Nan15IA [4]
2.3.5 A15ASAIVINITAEYVISIVE LR ITusiwmanludln (Electromagnetic
method)
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NAF19IUY

Cables Transformers GIS Generator/Motor

L "

3 30 300 3000 3 30 300 3000 ] 30 300 3000 | 3 30 300 3000
Frequency (MHz) Frequency (MHz) Frequency {MHz) Freguency (MHz)

" symbol indicates suitable, % symbol indicates not suitable

JUN 2.5 Fuaanudnisnsamdmivaunsalluiussasussianeag 4 7]
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2.4 3J']ﬁiﬁ']un'ﬁﬁi‘?Q‘W']ﬂ']iﬁﬁ‘lf"l%ﬂ‘l]']\'iﬁl?u

2.4.1 Mg IEC 60270

11w 351U IEC 60270 (IEC 60270 High-voltage test techniques - Partial discharge
measurements) lusnasguiignimualnsnuznssunisdidnnsemaiinneauuIni il
T dudormuanazuuamislunsianisfarfavdudaindulugunsallifiussg ety

Inihnszuanswazlninszuaadu lnaunnsgiu IEC 60270 1Huumsgiuninunisnsaam

o
Y

nsfarfausdnildfunssevusgranirsnaduinssiuusn daiuitnsaning
famsaunsdniissylunassuitslendoniiisdai [2)

2.4.2 133U IEC TS 62478

N1mIgau IEC TS 62478 (IEC TS 62478 High voltage test techniques -
Measurement of partial discharge by electromagnetic and acoustic method) Dusnnils
wnsgruiignimuadui olhidusumainifulunisnsamnsiansousdan Tae
fosanliliswivanliiuazidss waglddmunveuivnnasieulvlunisldou wu ms
fmuptasanudiiaunsaldauld slaveunumesily Bansiauaziiemeinisianie
UEu [4]

2.4.3 Um3§1U CIGRE TB 502

11%3571U CIGRE TB 502 (CIGRE TB 502 High-Voltage On-Site Testing with Partial
Discharge Meastrement) lészydamadinuarduneunismnaeulniiussgsluaniuiisngg
Sfiunsianishardaunsdn mufeiugufenfussuunade ulagt uneun1saaousng
1 aFUILAMSNYTaNMZdIMSUN AR UTEUUlI LI IEe WY srutawIuig (GIS/GIL)
szuuiala ln3ewmyy wagnleuvadlwii fimsivuadertmuadmsunismaaeuluaniud
Fnansenisiansfavidavisdan aninegwihlilasuansiiiunmmaaeugUnsal
Tfussga Tuganuilivszauanudnsasonisinnisfawsaursdin vu GIS/GIL syuy
L Lﬂ%’laamgu wagnowUasingi (3]

2.4.4 133U IEEE 2862-2020

N1 I51U IEEE 2862-2020 (2862-2020 - IEEE Recommended Practice for Partial
Discharge Measurements under AC Voltage with VHF/UHF Sensors during Routine Tests
on Factory and Pre-Molded Joints of HVDC Extruded Cable Systems up to 800 kV) 1a
wugthumafuaiafiaadmiunsianishanfausdulagldussiulwinssuaaduuas
\utgesualmanluiln VHF/UHF d1m5unisaiuauaanInsgniienisnagauniuunily

¥
L4 1 1 =

Isanuuazdedenauduglvesszuvaeiaiiagndugy HVDC Nilusatulifingsga 800 kv

ks fuRniwuzihinanissngnisaliamuegesnsiassauisaiy wnunaziduiies

' '
a o w P

LouNFgAvesiadn1TAawITauIdIu tieUszidudniinisiavisaunsdiundidgluing

9
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nageunIell seuv). Ine "nsRavsaunsdiundfy’ vaneiansiaviluauiuvesingi
Naaeu eniunIshawsanguenianuafauisadlaluseninanisnaaauwssaulni
nszuadaU 1y n1svantaesslalsuiliowinddnivsn HY aeil vav Mieadesiunisng

ANNNSNAEBY [5]

2.5 waluladnnsdeansarungads

AwfigeBa (Ultra-High Frequency: UHF) vanefauaupauusitmanluiln dsamam
In3ANUIANTZIINNUTEINA (International Telecommunication Union: ITU) [8] Auuall
dwfuaduinglutiaszning 300 wnziBsed uay 3 Anvidsed vieNiFonin druadiuns
(Decimetre Band) ilatarnfiaruemndudaud 1 wms F9.0.1 w03 (1 1n8ans) Anuigeds
fndwuuedunsudundn %qﬁﬂaﬂmu%ﬁué’wLﬁwfmLLazmmwumMajLLa’J’jwmﬁa'qshu
funsennszianuudansafismed niunissudygalusufng anuigeddddmsu
nseenemelnsim] Insdwindoud nmsdeansiiunniiiion desaudedfiiea uinsing
dyaea saddal ugys izesdsiuing Insdiliane wzueunalndudninnung

dyanafinganudgeddddlunasiusinfenisdeassiuniaiien GPS Wi-Fi ugys
\3esdsuing Insfmilians nsdwsitledle uaznmsunsamlnsvial faiiuanslugud 2.6 4o
I#Fevagamnuainisdsnnuigeddie minenaduduiiadislasnmias sunves
ﬂﬁu’?wqﬁwﬂ’aﬂﬂsJmaﬁummm'sﬁuaqmsa’aé’zyzymmfuLﬁmﬁuawmmﬂ%’ué’@mm

Tngluaeoimeaniuiaedasdunasning

oy
Zn

=

Lo

RFID

S’

F &
\Y/ \ WIFI HUhTEH
L) UHF
] = 300 MHz-3 GHz

e
GBBIuetooth (6;

JUN 2.6 msuszendldinalulagainudasds [27]

Ry
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2.6 wdiaudaslnila

vifoudadlylindugunsallwiiussgeilflumsdeiuridslifihannsssuuseiunda
ugBnussiunis enmazsag getu viewhidudld wdnnisvhauremiiouadlniiazende
aswd srhvesnszualiinsiueaadn 4 afauiuudindniud sunUasey nasniian
drulsenevdrrvesmiaulasiniiuseneuluse wnumdndmsuidumaduresiand
wiwian nadndmsulouusaiuduarneusiiuesn wazawiudmiulesiun1sanieas
waEISTUIEAIUTOU

yilawlasliiddudedlasunimaasusgisatinaus wWealinulainudonuadlndia

'
a

fignudntuniuivssdvsnnlunsinuldfidedauasiannnmsldnuiivaonsenielsi
Fanrsveaeundauvasiiiitauisautseendu 3 Ussian Aen1svadead dovinusee
(Routine test) MInNAdoULRWIzANwMrUIIUTENITvRIMs ouUasliin (Type test) wagnns
naaoudnwasfiiavyomiouUaiogusnnion 2 UssLamfina ity (Special test)
AU UNIINTIININISAE IS UNEIUT LT UN SNAABUALAIUIDIRUIL FeaunTaa Rl
asﬂumimmaaﬂﬁﬁz& 3 Usztnn 19NN NAREUANNASILTBIRUILENLITS uUNoan e

Anvaevnn [12]

2.7 a3

unilldndniamsdnmmeluladiifsdestunishiansausdu Tavoduedsdon
YBINIIAAYITIVWEIY N1TATIIVINTAGVISIVNEIUAIEITAN 9 WALUINTFIUNITATIIN
msfamssduiindesivindnusatull venandddldnanfanaluladauigeds
Fagnrimualianunsalfiiuraenuidmanganlunmsamnisiaysausdudeis
usimdnlwiiile aavingldnandmsiouvasiiliiuasnnsmaaeumsioudadliin el iy
fugruuazidilaieeudifgyrosnsnmannisianavsdiulumonuadlniifenis
unsnszareeduimaniuihanelundfoudas Fauvuununisseifiunanisuninszaondu

walwdn i luneuadinilanansliiluuni 3
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LUULNUNTISUSSLAUNANISUNINSZN9AFU

wsitnanindn Tunsiaudasinia

3.1 nanu
P a ¢ ' Y  aa al aa < av Yy
A15ANYINTIININITAAVITIVNNEIUNIEIT N5 URaLITwlman i lana1dlilu
un? 2 wagluunileosuredatunaunIsIATIENHINTUR 18 TaUKIUNISLNT NSEANUARU
wamdnluilnnelunsaudasluiln Geanursandsoanidu 2 d1undn Ao LUUT1a09A1S

a 6 1 a e‘d‘ a 6 = = o 1 dy
AFIAVINTAAVISAVIEAIY haTN150MasALTIUNNTIAS1E9 tnedsgasdunnsmalull

o a 1 1
3.2 BUUIIAaINITATIININIIATY1IUEIU
Tunsiiasginsunsnsyanerauimaninirlundeudaslwihamisavilalaens
a J & 1 a 1 <@ 66 ¥
MN9130419INBUVTa0IN A Tua1elaureInd ukinaniuin wasnsuseyndldaunisnig
danuvewsd lnvanunsauusesrusenauassluudasseenlu leidunielouvesdayuiu
dune e Yunrglauvesangeiniegds feidunielouvedainiadng fedduaiglouves

angoInAu fanlakanslusun 3.1

PR isipa mes adpn T AP | S
HTx complex HRX
- e [ MU >
Transformer
Tx-antenna __----——"""""====__ Rx-antenna
el Y e s, b 4
"’ \\J\\-’ \\\
! 4
s Complex J
AY
\\\ Transfer function _,»”
________________ LNA
Input —*— = d _ — Output

JUT 3.1 wunmudenvasiuudiaesitaiduaeleulundouvadiuihdmsunsasianinig

AAT1SAUNIEIUY
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PP MR e >
..o Brils i
HTX complex HRX Hmf
D Pt Pt P »>
Transformer

Tx-antenna __--===""""""===.__ Rx-antenna

,/ 1 Ty
S g hY
Complex ! Matched filter
Input o
-

Transferfunct\om a8
signal

Output

AWGN \/\J Detector

R

JUT 3.2 ununmudenveanuuiaesilsiduagloulundeudatiniindwiunisnsiamns

faunsauaI Ul 9N TDILUULUNTY

3.3 wisniwesildlunisinsiz
3.3.1 n1suszeangaInIsdsuvastadmiunsnsanInsiaysaunsdu
lussuukuuwauLay MsknsnszglueInimsunAgnussidiualaggnsnisaesiiu
el uiludneadnusatuildannsonasiunldlelnensiiuninsamnis
favifaunediu nsigasmsdesiuvesiaiimsuansmeileiduresniud uinisianda
U’Nﬁauﬁﬂﬁlﬁmﬂml,wiﬂt?iwmmﬁﬂl‘V\IﬂﬂugUL,wwaqé'mymu@mﬁaﬁ%qL"f]ué’ﬁyzgmiuimuu
a1 Feiudsinainisussgndldgnanisdesnutesia Tnegesnisdsaiunasniadsannisd

3.1 way 3.2 [25]

E(/)
G, -
Frus( ) I)t( ) (3‘1)
= Gf(f ) ( t)Gr(fagr)
HFriis(f):H (f ) (f d) t(f’d) (32)
o P(f.d) Ao Mdavesdyayads
P(f.d) Ao Aasvesdyansy
G,.(f) Mg ORIV VDIANDINFAEN

G.(f) Ao ONT1VEBVDIEIDINASY
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G (f) Ao 8ns1veelueIneing

H.(f) Ao MeidunisaulouuesaneaInIAsy

H(f) A Handunisaulowvesaigeinimas

H.(f) Ao fandunisauleulusiniaing

A fie AN TIAAY

d A9 TTELINILNINAWDINFELAZENEDINATY

urog1lsAnulunisasiannazitadenisiavsausdIuseIsnisimdnlud luanunse
o | 1 a :M‘ [ 4‘ [l @ a
gnsmydaiuresiiauldlalaenss Wewingudnuurvesmauwdvdntniiiainnisiia
a I 1 [~5 a v & o g.}l ¥ =1 [ 1 1 =l d' ¥
NsAaysavIsE NI duUwuuBuiad AwulzfeinisusugnInisdaituveansaiiely
NFIATIEREANNREINEINNTY TnensUTuUTegnsn s uve s alignuauefsaunis
71 3.3 [26] wazwansuvudtasaianduangleulumiawlasliidndnsunisnsianinisaasnsa

vedulaglyrasnsosLuuwundaisguin 3.2

H s (fod)=Hooo (f2d) Hoo (f)H(f,d.Q,)-H, (f,d,Q,)  (3.3)

a

dlo H e (fd) #le Haidusnelowdsdou, H, (1,d,Q,) fe lsidumeloudusuuas

H, (f.,d,Q,) fe ilsddugelowiuddaeilsiduaeleuluiuidneusanlannaunis

3.4
H /Avr) SN Lo (3.4)
complex( ’ )_ m P ( J ) .
\ie k Ao AAsimsunsnszatepauulmantii (£ = 207 /c)
¢ e ALTAluNIsUNSNTEA B R sRdULLAN TN
ya Ao AdvsspauLmanivin

Tnganunsamsuaduvasdyanaiisu v, (1,d) Tianaoulgiuresgurdudyqyiads

v (1,d) wazwamouaupduiaduostosdaan A, (f,d) feun1si 3.5 uaz 3.6

vr(t’d) =V (t)®hm-Friis (t:d) (3.5)

0

hm—Friis (t’ d) = J- Hm—Friis (f’d)df (36)

—00

Weo ® fawnIeamuenauligdu wagaiuisanianunukiuanasuvesdyayiansuls

V.(f,d) Wanaunsi 3.7
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Vr(f’d):Vt(f)Hm-Friis(fad) (3.7)

e Vo(f) A AnunuwuaUnASuvesdyNMEs
3.3.2 2995N50UUUUUAY

[

nilanduareloutesdyyrunisuninszaggugievienvauaiessudy gz

dndrdimnsesinsaiu Hy(f) fwenednsdruidawesdygiusenissuniu (Signal to

Noise Ratio: SNR) lvigagasiaaunis 3.8 [26]

Hmf (f) — Hm—Friis (f) (38)

Jj | | df

Y]

FadulumuSoulvvesmdsdygasuniuiidesndiannis 3.9

o0

[ (A dr =1 (3.9)

—00

[

lunsenaieg1ell fenduaelounasaunasuvesyosdyaiugueiudygruilasuae

H i (P uas B () wae E= 1 wisnavesguedu lnagaduommnaldiinsesiv

Yy 9

Ve () Ansafuseannig 3.10

Vit (t) = B riie (f) @ By (t)

e hm—Friis (t) ® hmf (l) (310)

[y

TugUndudayananedmaiinseafinsany Vyge (1) faunns 3.11

me (f) = Hm-Fn'is,Iso (f)Hmf (f)
|Hm_Friis (f)|2 (3.11)

\/ [ Ho (1) lf

WATONTIEIUANIVRIA YL IUADNTTUNIUGIEAAIHUNIT 3.12
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max v, ()= [ V(1) df

—00

(3.12)

= IIH ) df

aunsi 3.12 Aeaunsvenialudouguanuigann Jsufmudnuvazvesaeeinie
mii:_jiy,Lﬁ&JL%ﬁﬁiuﬁﬁﬁuﬁ’m LLangﬂ?{uﬁmmwmﬁLﬁwuw Juiidaauinnsvensansenniely
fuidldanansoesuneldlusivesdnsuseanuiaenn

3.3.3 AMWUTNAAY19N1TUIZIIAA9Y

Hunsuandidiufeseiumdsnumosdyaindidhandiusuiiaass g Snted
wansbiitudwansenuvesdyaiitinisasvieulunaefiemmavefienindyaiamaneia
1n82E139n37 AMNRUIFAT19N15UTEIIN8997U (Power delay profile: PDP) f9819994
PDP Ifuanesisgui 3.3 [27) Tapasidumuduiusseninasssuidsnuvesdyandsuls
felatiiunde waguenanusEnsatluinsandemanisnszatenisaan (Time
dispersion) Uszneusig n15use3ainduads (Mean excess delay) wag Aan15uiUse3a
RMS (RMS delay spread)

10

0}

o -

& l

% ot y i RMS Delay Spread = 46.40 ns

s

0 14]

o | Meaximum Excess Delay < 10 dB = B4 ns
10t F

L

>

2 ﬂ

9 Threshold Leval = -20 dB
: /

T & & |
N Rl e TS W R

o

:t_ ] Mean Excess Delay = 4505 ns

Q

z = 1.0 1 i 1 i L 1 1 1 1 3

“-50 0 50 100 150 200 250 300 350 400 450

Excess Delay (ns)

5UN 3.3 nndndnen1susEiangsnu [27]

Finauudiludrsduindunenisasinuresduanaserinuasosduaziadesdul
Ifnanefianie wasdyaudazaiutdnozdsuluduniafifsoznaldwindy dyaio
vsduonaaniunclussuduaemseninedudumar sy dyanadnidinaziiumns
femnusuleisa ’Lusumzﬁé’@mnméuuﬁuﬁﬁmmﬂﬂiwuﬁuﬁwaﬁa@u,azLﬁmmiazﬁawma
afaninesiumiieduu durasnarldinansuninszaefisuiunda euadilu

nsIAUN IR IdyIasazdunaliminUgyyiisenan nsuaUsE (Delay spread) AU 1
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I [ J a

Aedyawsarduldanauniisganuneliwindu mnsiansaniaiangnusyis

[

ponluresdyp Ui nginiusy Tudiureinisnszareniaian (Time dispersion) Wi
anunsanagiaszilagldnndinesiisenin anadsveanainusgisiueenluainaiag

AU N1TUTEINTDR8Y (Mean excess delay; 7) hazAINITWHUIZI RMS (RMS delay

[ (%
=1 a

spread; 0,) FaAn15fiweing 2 fitlgnileulifaunisi 3.13 wagaunisi 3.15 auddu

n s n
Zai T ZP(Ti)Ti
_ i=1 _ =l

T== == (3.13)
2
Zai ZP(Ti)
i=1 i=1
JGEL

- 2 a v o= a

7 Ao MIUsTINdANadY

a, A9 FAUTDIEYIMEUNIT

7, A9 1IANUIEIMN VUV IF YR UEUNIN

Y

Plz) Ao sedufidsnuuesdynondumad i
dmSummsurUsEAs RMS tuesiidenude
o, =\’ — (1) (3.14)
e

aizfiz ZP(Ti )""12
== (3.15)

Y P@)
i=1

a A

3.3.4 NISAULEELTIID

Y v

a a ada & Y] = [
N13gaytdeldIa (Path loss) LOUNTAANOUVBIH Y IUARUTIINTEHENNTENTN
AudIarA UTUlAENALRA NSV Y INITANAININAT & " 1n d AB STEEN

FEMINAUAMAZAIUTU d1u 11 1 JuAtpsiATalvuauanaeiul U AN WU US I

[
L ! ad v

doyayrauearinu [27] lagAnsgeyideidnftuenavziintuiilesnintadesiig

o d' Ql v °

Tuszuvdeansidans dyaruiinuidaduainaiudiiazaesilydoudiaiseinia

]
[ o A

wisnUasdyaradihlududyananduwiuaniuin (Electromagnetic) dusuunsnszany

A

[ =

Anutesdyrudadaeiiluifesinie iWedygrafuneaniiusuiasiiaeeiniasu
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I~ o A

[ = [ v o [ £ 1 [ 1 < [y 1d
g viutinduiuanauds Aevinisulasdygrundusimvantniinduluidu

A7)

[
v CY a

Fyayralniingnass Tunsdsefiudyaamiueiniadnaiu dnasdeulvainsgededan

=B ~

TupINAine (Free space path loss) Aandusnsdiusyninsidsnuvesdygaignasse

Y

[

Masuvesdyynsuls lneiludnasuandviogluniisveandiua (Decibel) Aauans

Tuaunsi 3.16

A
PL =— (3.16)
B

ATRIIGTER

Tunsule

o)}

®

ol

&

B

e e

@ 2
2

= iy 3y

Taelun153ATIE AR AR RN UIZUUNINTININTAATITIUNEIY PL,, HUIZ

TR

fisanfinasnuaanvesdgyginiildduas Masggnuosdygyinnsulsgaduilndures

(g7} U

ITYENN (d) Tnedfenudulumuaunisi 3.17 [30]

AR (d) [dB] =-20log [max

v, (t.d)|] (3.17)

3.4 a3y
Tuwniléndnimdnnisiieseinsuninsyasaduudumdnlnihlundouadlai

vuRugUgRINsdsEumeEa Armsdwe A Testudesdygin vuugiugasnig

dvhuramia (aen1sUssgnignavemialulaiuuiiat) waruenanidaldfinsantiiaue

A3RITURUURLALiolTgaugauwaslardnsdumasday i asiedyansuniudan

g7

= a

FIUNTAALAYINATNTOWUULUAT HANITNARDITLUATNANITIATIEINITFaYFesTaiTiuas
AURTNART19N5UTEIIA Y Fanndwesinartaguansliiiutinsildsundasmng o
dutasuannnansenunelunsiewladliin nansenulundowdasininlavinnisanassnis

934 gunInluaztunaunsinlawanaliluuni 4
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Pathloss (dB) : Tx1
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Pathloss (dB) : Tx2
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Pathloss (dB) : Tx3

Pathloss (dB)

(n) laild92 950U ULLAT

Pathloss (dB) : Tx3 - matched filter

Pathloss (dB}

@) 192995NIDIUUBUAT

SUN 5.15 fMegramsilSeuiiisunisgadediaisenitlildinsnsesuuiuntduasldies

NTBIMUULUATIAENANTAN al Funus Tx3 Wududs nsallaifidsinuang



58

5.4.2 nIAFNAUIN
n1sies1ginsaadedaivesdyaaluniowvaddniinsdddfinuig lne

Wiguigusgninamsldldisnsesuuiunduagldisniesuuiandaunsawanslasagy

a a

71 5.16 84 5.18 91nHan1sNAaesziwinsgadegadtlunsalladdfinvinaiansan o
Tx1 Tx2 wag Tx3 Wuiuddiseivveinisgadedailivnndsiuegaivezddgy nely
seAutUNaaarasaiiseRunsgaAeddtganndseautuu Wesnnlasunansenuan

o a a a o o § ¥ a a8 a aa 4
ﬂ"li‘U@‘UQGUENﬁQﬂ@m?’]ﬂ‘UﬁL'ﬂiﬁﬁﬂﬂaqﬂ‘ViuaLLTJa\TVLWﬂ'Wl']IMLﬂ@ﬂ']iijiy}lﬁﬂlfﬁqjﬂLQ@UQQ Iuﬁumz

[ '
(% % a o

Nsgautuuulignuadsaindeineneilidssdunisagidedadiiededn wasdiolans

Wisuiiguseninnsalldldnasnseuuuamduarldiasnsswvuiundazdunnlainly

'
a ada o !

g v ¢ ~ Y a a9 v ¢
ﬂimmisﬂjﬂﬂiﬂia\iLLU‘ULLNW%Q%@J?%@UﬂWi%QJLﬁBL%QU Wqﬂﬁqﬂﬁmlﬂiﬂf'ﬂ\‘]f\]iﬂiaﬂLLUULL@JG]EU'E]

g1aiiprdAny laefiarsualdandUnduniliadu wazamgAu1iwuai se e ving

SEMINNEAEDINAA AL ATEDINIAT UL S o2 INANNISAL R LTI D AIN TP NUITA T2 8L

U Y Y

szozlng 1Wesannisunsnseaeaduidwanniraduidmaninirnelundonuasluiiin
TiAnnisazyiauveInd unl wanlnirdundemiswdaslvdranuareianie §amdu

1 < d‘ v 1 a [y = v Y (v o % 4 = a aal v
wiiwdn b fiagveueivzduasuiuseindsiuiniauisamansain say doaiile

g Wenvsangusuumsunsnszaenduivdnluinaielumieudadiuii o fumiseing

[

rdanaladn o iy TxL uay Tx3 iusmudsagdsukuunmsuninsgangaduudman i

q

TnalAgeny iesandusiunieniud i oglnanunTIs 1 uY19UI DL UAINT 2 AU

Y

Tumenduiu o sunids Tx2 Wududsaziisuuuunisunsnsyateaduuimaniliiunnsng

a

VBN 2 AU
5.4.3 397150INANISNNADY
a ¢ PN P 4 AV aa A ANaa
IMNMTIATIINENIIVRGRIveINsasydulRavslunsalluddnavinwaznsdiias
AnunalaetUs suLieusEninans k19399550 I UULNATWALTT1995NT DL UULUAT Vil
NIIUiRaNvaTYBINITLNInszaenauslmanliinaelundewdasliil e sumissing

P o d

7 Weisannsallifidafiaunsdunglad s seAutunansasiissaunisaydeganagie

LY

° | A o A [ Pl o 1 3 ! = = a aa
AININIETAUBU LLﬁZﬂ%ﬁﬁLﬂGﬂ@’m U AU TX2 L‘U‘Uﬂ’WEJEJ’Wﬂ’]ﬂﬁQQ%iJﬁ%WUﬂ’ﬁQQJ}LﬁEJLGU\‘I’m
a ° U o 1 ~ (XY v d'
bRAHUNINIT U ALLUUS Tx1 WAy TX3 L‘LJ’e]x‘i‘\]']ﬂi@iUNaﬂizﬂUﬁ]’]ﬂﬂﬂ’iﬁzw’P]'U‘?JENF’]@‘L!

adaa a o

wilwdnlihannwdameuvadliidosnin wazillefiarsannsdiiddsiavinzduns e
FEAUNTRALITD al SERuTuNaIlazane Azilseiuaininseautuuy egreilidbezddny
= vo 9 a a =9 1 v v v

\Wesnlasuransenuanmsuadsvesdeiavindddidnlunsinarsvesdimdowdaslnii
aglsimuazdunglaindelddfinvnadilvlundondadniivzdmananisunsnszaie

Aaukdvaniniagaviulade



59

Pathloss (dB) : Tx1 (CORE) .
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Pathloss (dB) : Tx2 (CORE) -
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Pathloss (dB) : Tx3 (CORE)
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Abstract

The UHF transfer function is significant for a short-range communication
system, e.g., a real-time diagnosis of partial discharge (PD). Real-time diag-
nosis of the PD has become a challenging topic of improving the diagnosis
of high voltage equipment, including a power transformer. Further, the PD
detection in high voltage equipment is critical since the PD can cause severe
damage to electrical systems. The PD detection methods are classified by a
phenomenon of the PD. The PD detection by electromagnetic (EM) method 1s
regulated by IEC TS 62478, which specified the UHF band for the PD detec-
tion in power transformers. Hence, an evaluation of frequency characteristics
1s essential to achieve an excellent diagnostic performance. In this paper, a
complex form of channel analysis 1s applied with the PD detection method.
The measurement model in a power transformer is proposed. The optimum
receiver is introduced to maximize SNR and hence it 15 easy to analyze
the results. The results were analyzed by using magnitude, phase, group
delay, received waveform, and path loss parameters. The results show that
the measured channel is affected by the structure of the power transformer.
The contribution of this research is useful for improving the precision of
the PD detection with EM method and building an accurate real-time partial
diagnosis via a smartphone or laptop computer.
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Keywords: UHF, complex form, UHF transfer function, Friis’ transmission
formula, partial discharge.

1 Introduction

Short-range multimedia technology and wireless communications have
rapidly developed in recent years. It can apply to various applications, such
as wireless sensors network and the internet of things (IoT) [1-3]. Ultra-
high frequency (UHF) is usually used for video and sound broadcasting,
mobile communications, Wi-Fi, and numerous kinds of applications [4]. The
theory of wireless communications can be adapted to analyze the problems
in the majority of the novel applications, e.g., wireless sensor networks,
near-field communications, wireless access networks, field intensity in an
mmhomogeneous propagation environment [5-9], and wireless transformer
condition diagnosis with electromagnetic method [10]. Partial discharge (PD)
real-time diagnosis 1s one of the ways which can develop due to the benefit of
the advanced investigation in wireless communications and partial diagnosis.
Real-time diagnosis can help a maintenance operator to identify a problem
without entering an actual site.

Further, the PD diagnosis is critical to avoid the undesired damage to a
power system [11]. The PD may occur in various places, 1.e., GIS, switchgear,
and power transformer [12]. An antenna is used as a probe for the PD diag-
nosis to investigate the PD in the power transformer with an electromagnetic
method [13]. The antenna’s properties are taken into account to assess the
antenna’s performance so as to satisfy the condition of PD diagnosis in power
transformers with the electromagnetic method. The minimum of interference
in the sensor affects efficiency for short-range communication applications.
It has attracted the majority of attention to ivestigate the sensor transfer
function [14-20].

In the power transformer system, the PD and antennas are behaving like
the pulse-shaping filter. The pulse shape of the transmission signal can be
affected by the pulse shape distortion that is caused by any signal distortion in
the frequency domain. Therefore, the complexity of the receiver mechanism
will increase. A typical transformer 1s a request for a suitable structure,
reasonable cost, and excellent performance. Hence, the design of the antenna
for PD diagnosis in the transformer is one of the attractive challenges [13-20].
The Friis’ transmission formula could not be directly used to diagnose the PD
in the transformer, due to the signal’s pulse shape, even though it is in line
with sight. Therefore, the UHF signal waveform comparison is essential due
to the Fresnel region of the antenna frequency response.
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Figure 1 UHF communications system [4].

The antenna’s properties are measured and discussed in this paper. The
antenna transfer function in the Fresnel region is evaluated to investigate the
PD propagation in the transformer. The modification of the Friis’ transmis-
sion formula is introduced as the complex form equation for the PD diagnosis
in the transformer. For this reason, the equivalent antenna gain had been
derived. The transmission waveform and the optimum filter at the receiver
are the primary modifications for the complex form of the Friis’ transmission
formula for the PD diagnosis in the transformer. The experiment had been
done by using the UHF microstrip patch antenna for 2.2 GHz to 2.6 GHz
band operation in the power transformer. The evaluation system in this paper
is based on the UHF communications system, which is shown in Figure 1.

2 Partial Discharge

The PD is a phenomenon which occurs by the partial bridge of the electri-
cal discharge between the insulation of the conductors. It can be observed
in various high voltage equipment, €.g., the power transformer, GIS, and
rotating machines. It is essential to understand the phenomenon of the PD
since it can lead to power breakdown in power systems. The International
Electrotechnical Commission (IEC) has regulated the PD definition in the
IEC 60270:2000 standard [10]. The general descriptions and measuring
systems have been documented. This activity is generally caused by the
electrical stress concentration in the insulation of the electrical devices. The
PD is related to the conditions of the insulation of the high voltage equipment,
i.e., charge transportation, chemical reaction, light emission, sound release,
and the radiation of electromagnetic waves.
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According to different types of the conditions, the PD test methods
of parts can be separate due to the circumstances [11], e.g., gas analysis
for the chemical reaction, optical measurements for the light emission, the
electrical measurement for the charge transport, the acoustic measurement
for the sound release, and the electromagnetic measurement for the radiation
of the electromagnetic wave. The PD test technique has been stated in the
IEC standard, 1.e., the IEC 60207:2000 for the PD measurement and the IEC
TS 62478:2016 for the analysis of PDs by the electromagnetic and acoustic
methods [12]. Following the IEC TS 62478:2016 standard, the short rise time
of the PD pulse current is less than 1 ns. The pulse can be ranging from
3 MHz to 3 GHz. The advantages of the electromagnetic method are that
it is better immune to disturb and noise, in determining a characteristic of
the PD source, and m broad bandwidth. However, some disadvantages of the
electromagnetic method, i.e., high equipment cost and the performance of
this method, tend to rely on the physical structure of the sensors. There are
various types of sensors available for detecting the PD pulse, for example,
UHF antenna, disc- and cone-shaped sensors, field grading electrode, wave
guild sensor, and directional electromagnetic couplers. The sensor output can
indicate the importance of many parameters, e.g., transfer function, frequency
characteristics, field magnitude dependence, and directional characteristics.
The localization of the PD sensor is significant. The sensor can be installed
inside the high voltage equipment. It should be installed as close as to the
high voltage component area or the PD) detection area.

The propagation mechanism easily influences the PD pulse characteris-
tics effects such as diffraction, reflection, scattering, and attenuation. This
mnterference 1s causing disturbances in the measurement of PDs with the elec-
tromagnetic method. Therefore, to decrease the interference from the ambient
environment in the measurement of PDs, the analysis of the characteristic of
the transfer function in the measuring environment is necessary.

3 Complex Form Analysis for the PD Detection in a Power
Transformer

The Friis’ transmission formula is the first to express in terms of power [21].
Then it is extended in terms of the transmission signal waveform to consider
the transfer function [22-24]. It is assumed that the polarization of the
transmitter antenna and receiver antenna match correctly. A block diagram
of the PD UHF system for complex form analysis is shown in Figure 2.
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Figure 2 Block diagram of the PD UHF transceiver model: (a) PD UHF transmitter and
(by PD UHF receiver with optimum filter.

Equation (1) is the modification of the Friis™ transmission formula. It
includes three elements, namely the frequency characteristics of the antennas,
the frequency characteristics of {ree space propagation, and the spectrum of
the transmitted signal. The PD UHF channel corresponding transfer function
Hch—corr(fa R) is

Hch—corr(fv R) i Hf(f: R)Hr(f)Ht(f)7 (1)

where Hi(f, R) is the transfer function of the free space, H,(f) and Hy(f)
are the transfer functions of the transmitter (Tx) and the receiver (Rx) anten-
nas. Furthermore, R is the transmitter antenna and receiver antenna (Tx -Rx)
separation distance. The transfer function of the free space can be written as

Hi(f, R) = e xp(=TRR), @
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which is the free space transter function where

=21 3)

C

where k is the propagation constant, c is the speed of propagation, and f is the
operating frequency. The received waveform v (¢, It} can be found by using

wll B) =) @ hg—con(t,:-H), 4)

where 14 () is the transmitted signal waveform, @ is the convolution operator,
and hey corr(t; ) 18 the impulse response of the modification of the Friis’
transmission formula defined as

hchfcorr(ta R) — Fil {Hchfcorr(fa R)} s (5)

where F'~11.1 is the inverse Fourier transform (TFFT). The receiver spectrum
density V;(f) is presented as

T/;:(f) = Vu(f)Hch—corr(f): (6)

where the spectrum density of the transmission waveform is Vi(f).

3.1 Optimum receiver

The transfer function of the UHF channel measurement with the optimum
receiver filter is Hypt (f). The optimum filter has been introduced in the
system to maximize the signal-to-noise ratio (SNR} of the receiver, as shown

in Eq. (7)
iy onclf)
Heopy(£) 2t %
\/f ‘Hc:h corr‘ df
and for the prediction case
ch corr p(f) (8)

optp ?
\/f (o] ‘ corrp‘

which satisfies the following constant noise output power condition

f_ Hareo ()P = 1. )
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The output waveform and the spectrum of the receiver output are
heh—corelt, B) and Hen o f, K), respectively. For the spectrum of the
output from the optimum filter Vi ( f)

Vopt(f) = Han—corr (£ ) Hopt (f)
_ Haen(f) (10)
S Bt e P
and the waveform of the output from the optimum filter vt (¢) is
Yopt () = heh—corr(t) ® hoptl(t)
_ heh—corr(8) @ hopi(—t) (11)
NV =T

and the prediction case
Vapp (L) = heh—corrp(t) @ hopip(¢)
R hch—corr,p(t) = hopt,p(_t) (12)
i R T

and finally, we get the maximum as

) SO / N

= \//_ u{chfcorr(f)|2 df

The path loss PLuyr[dB] can be calculated from the obtained transmitted
waveform and received waveform. It can be defined in decibels as the
ratio between the maximum amplitude of the transmitted waveform and the
maximum amplitude of the received waveform as

(13)

2
PLuge|dB] = 10log ( |1;t((:))||> . (14)

4 Measurement System Model

To investigate the complex form of in the power transformer with measured
transfer function in this paper, the measurement system model had been
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provided such that a measurement procedure is divided into two cases. The
first case will measure the complex transfer function in the power transformer
at different heights of the transmitter (Tx) antenna and receiver (Rx) antenna.
Moreover, an analysis is carried out by using the compare magnitude, phase,
group delay, and path loss with different antenna heights at 5 cm, 20 cm,
40 cm, 60 cm, and 80 cm. The second case will measure the transfer function
in power transformers at different Tx — Rx separation distances. It ranges
from 0.05 m to 1.05 m. It analyzes by using the compares of the received
waveform and path loss with different antenna separation distances.

The vector network analyzer (VNA) is used to measure and collect the
data, where the transmitter antenna is connected to port-1 and the receiver
antenna is connected to port-2 of the VNA. The UHF microstrip patch
antenna is considered for use in the experiment due to the property of the
antenna, which can operate in a wide bandwidth. The measurement had been
done in the power transformer with different Tx — Rx antenna heights and
distances. The setup of the experimental model is presented in Figure 3. It
should be noted that the calibration at connectors and transmission cables had
done before initiating the measurement to reduce interference from noise in
connectors and transmission cables. In the experiment, the varying separation
distance iS chosen to determine the accuracy of the transfer function at
different reference separation distances. The experimental parameters are
shown in Table 1.
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Figure 3 Experimental setup in the power transformer.
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Table1 Example parameters of experiments

Parameters Values
Frequency range 2.2 GHz to 2.6 GHz
Frequency points 801 points
Tx — Rx antennas type UHF microstrip patch antenna
Tx — Rx antennas height 5 ¢m, 20 cm, 40 cm, 60 ¢m, and 80 cm
Tx — Rx separate distances 0.0l mto1.05m
7.2cm

>

&
<+

3.5cm

Figure 4  Geometry and dimension of the UHF microstrip patch antenna [26].

4.1 UHF microstrip patch antenna

The Fresnel region of the UHF microstrip patch antenna in this paper is deter-
mined from the antenna’s largest dimension for both the transmitter antenna
and receiver antenna. The largest dimension of both the transmitter antenna
and receiver antenna, as shown in Figure 4, is 8 cm which is considered as
the largest dimension of the antenna. The far-field region of the antenna is
40.96 cm, and the far-field can be calculated by Eq. (15) [25]

U
Rfar Z Ta (15)
where
R 1s the far-field region,

A is the wavelength (m),
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and D is the largest dimension of the antennas which can be calculated by
Eq. (16)
D — DTX + DR)(, (16)

where

Dty is the largest dimension of the transmitter antenna (m) and
Dpy is the largest dimension of a receiver antenna (m).

4.2 Transmission waveform for the UHF PD

This paper considered using the rectangular passband for the signal band-
width used in the UHF frequency range, i.e., 2.2 GHz to 2.6 GHz. The
waveform distortion significantly increases when the bandwidth is larger. The
transmitted waveform is presented as

A

w(t) = BW [ finax SI0 ¢ (27 fmaxt) = fmin Sin e (27 frunt)], (A7)

L2BW || f] = fo| < BW/2

win = VTS Bwe 18

where the minimum frequency (fmin) is 2.2 GHz and the maximum fre-
quency ( fmax) is 2.6 GHz. The occupied bandwidth is BW, the amplitude
is A, the operating frequency is f, and the center frequency is f.. The
transmitted waveform and spectrum density of the transmitted waveform are
shown in Figure 5.
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= |
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Figure 5 Example transmitted waveform and power spectrum density of UHF systems.

82



Evaluation of UHF Transfer Function in a Power Transformer 15

5 Results and Discussions

The measurement of the transfer function in the power transformer was done
according to the proposed measurement model, as presented in Section 4.
This research was done by dividing a measurement into two cases. The first
case is is to present the comparison of magnitude, phase, group delay, and
path loss between different Tx — Rx antennas’ height. The second case is to
present a comparison of received waveform and path loss between different
Tx — Rx antennas’ separation distance. From the results, we can show the
different characteristics of the measured transfer function, which we will
discuss further.

The channel transfer function of complex form in the power transformer
can be easily analyzed using a magnitude. Figure 6 shows the comparison of
the magnitude at different Tx — Rx antennas’ height, i.e., 5 cm, 20 cm, 40 cm,
60 cm, and 80 cm. A solid black line, black-dashed line, black-dotted line,
black dash-dot line, and the solid gray line represent the magnitude of each
antenna’s height, respectively. The results at 5 cm of the antenna’s height
show that it has a better magnitude than the other heights of the antenna. The
magnitudes of 20 cm, 40 cm, 60 cm, and 80 cm antenna height are similar.
However, the magnitude of the 80 cm antenna height is lower than the other
antenna height. Besides, many low magnitudes occur due to the structure of
the power transformer and noise from the environment.

In Figure 7, a comparison of phase from the Tx — Rx antennas channel
transfer function at different antenna heights is provided. The results are
presenting by using different types of lines as same as in Figure 6. The phase
of 5 cm antenna height is better and has more linearity than other antenna

-20 T T T T T T T
@ -40 | . N
= =iy SN ] : /
R NANA R A AV WA
= 7 L g ‘ i
c \ \
o ¥
o]
= -80 Tx-Rx Antennas Height=6em ———- Tx-Rx Antennas Height = 60 cm [
— — — -Tx-Rx Antennas Height = 20 cm Tx-Rx Antennas Height = 80 cm
- Tx-Rx Antennas Height = 40 cm
-100 N N 1 N N N N
22 225 23 235 24 245 25 255 26

Frequency (GHz)

Figure 6 The comparison of magnitude between different Tx — Rx antennas height.
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Figure 7 The comparison of phase between different Tx — Rx antennas height.

heights. The phase of the antenna is performed in the same direction at the
antenna heights of 20 cm, 40 cm, 60 cm, and 80 cm. However, the phases of
20 cm and 60 cm antenna heights have some error due to the noise from the
environment. It made the phase of 20 cm antenna height more phase changing
in a lower frequency. The phase of 60 cm antenna height has the lowest phase
of channel transfer function compared to other antenna heights.

Group delay is another parameter used in the investigation of complex
form analysis with measured transfer function. It is advantageous to present
a time distortion and then calculating by differentiating the concerned fre-
quency. In Figure 8, the comparison of the group delay of the measured
channel transfer function at different antenna heights is presented. From the
results, we now discuss the group delay trends. The group delay of 0 cm
antenna height has the lowest delay. The group delay of 80 cm antenna height
has the highest delay. The group delay results had shown good agreement
with the phase results. Further, some frequencies had high delay due to the
noise, the reflection of the waveform, the structure of the power transformer,
and the environment.

Figure 9 compares the received waveform between the optimum case and
the prediction case of the channel transfer function with a different separation
distance of the Tx — Rx antennas. The optimum case is calculated using the
measurement data with Eq. (13). The prediction case is calculated by using
Eq. (12). The received waveform of prediction and measurement is presented
by the black dashed line and solid black line, respectively. The difference
between optimum and prediction cases can be presented with the effect of
the Fresnel region. In Figure 9(a), the received waveform at 0.3 m distance is
presented. It shows a difference in the optimum case and prediction case. At
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Figure 8 The comparison of group delay between different Tx — Rx antennas height.

this distance, the optimum received waveform is different from the predicted
received waveform due to the near-field region.

On the other hand, Figures 9(b) and 9(c) show the comparison of the
received waveform between the optimum and prediction cases at 0.6 m
and 0.9 m distances, respectively. At these distances, the measured received
waveform and predicted received waveform are almost the same. From these
results, we conclude that the received waveform is related to a near-field
region of the antenna. However, at 0.6 m and 0.9 m distances, there is
a little difference between the measured waveform and prediction wave-
form. It maybe caused due to the reflection of waveform inside the power
transformers and the structure of the power transformer.

The path loss parameter is useful to investigate a power loss concerning
the separation distance between the Tx antenna and the Rx antenna. In our
research, the measurement model had been designed to analyze the effect
of the Tx — Rx antennas’ separation distance in the power transformer. The
model was divided into two cases, as presented in the earlier section. The first
case is to investigate the difference of path loss at different antenna heights,
as presented in Figure 10. The second case is to investigate the difference
in path loss between the optimum case and the prediction case, as presented
in Figure 11. In Figure 10, the comparison of path loss between different
antenna heights is presented. The line style of Figure 10 represented the same
meaning as that in Figure 6. It shows that at 5 cm, the antenna height has the
lowest path loss compared to other antenna heights. Moreover, the path loss
of 20 cm, 40 cm, 60 cm, and 80 cm antenna heights are close to each other
and higher than the path loss of 5 cm antenna height.
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Figure 9 The received waveform of UHF transfer function at (a) 0.3 m, (b) 0.6 m, and

(¢) 0.9 m.

In Figure 11, for example, the path loss at the Tx — Rx antennas height
of 5 cm is present because at this height the path loss has been less than
the others. The comparison of optimum path loss and prediction path loss is
presented. The relation path loss due to the far-field region of the antennas
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Figure 11  The comparison of path loss of the measured transfer function at Tx — Rx antennas
height of 5 cm.

Table2 The comparison of path loss at Tx — Rx antenna separation distances at 0.3 m, 0.6 m,
and 0.9 m with Tx —Rx antennas height of 5 em.

Path loss at Tx — Rx antennas separation distance

0.3m 0.6m 0.9 m
Prediction 61.65dB 66.36 dB 69.47 dB
Measurement 59.22 dB 65.25 dB 68.77 dB
Error 2.43dB 1.11 dB 0.70 dB

is presented by the solid black line and black-dashed line, respectively. The
results present a considerable difference in path loss at the far-field region of
the antenna. The difference will reduce when the antenna separation distance
is further than the Fresnel region of the antenna. The comparison of path loss
at 5 cm of the antenna height is given in Table 2. It shows an error between
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the optimum path loss and the prediction path loss. At the antenna separation
distance of 0.3 m, the path loss error is 2.43 dB. The path loss error at the
antenna separation distances of 0.6 m and 0.9 m is 1.11 dB and 0.70 dB,
respectively, due to the effect of the antennas’ far-field region. The results
show that the proposed method can be used to evaluate the UIHF transter
function. It will be also useful for application in real-time PD detection and
other wireless sensor networks applications.

6 Conclusion

In this paper, the explanation of how to evaluate the complex transfer function
in the power transformer with the measured transfer function had been
presented for application in real-time PD detection. The modification of the
Friis® transmission formula has been used to consider the transfer function
measurement in the power transformer channel model. The measurement
model has been tested in a real power transformer of the Tesla Power Co.,
Ltd. The error in complex form in the power transformer had observed by
changing the Tx — Rx antennas’ height and Tx — RX antennas’ separation
distance. The measurement had been done with two UHF microstrip patch
antennas which represent the Tx — Rx antennas and record the measured data
with the YNA. The calibration had done at the connector and transmission
cables before the measurement. The results of the complex form analysis are
presented as two different cases. The first case is presented as the comparison
of magnitude, phase, group delay, and path loss between different heights
of the Tx — Rx antennas. It shows that the lower antenna height has better
results than the higher antenna height due to the noise and power transform
structure. The second case 1s presented as the comparison of near-field and
far-field between the received waveform and path loss. The latter case shows
that the near-field region has an error more than the far-field region due to the
radiation field. In conclusion, this paper presents the analysis of the complex
form with the measured transfer function. It can be useful for designing real-
time PD detection systems in the power transformer and other short-range
wireless systems.
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Abstract—The characterization of transformer wall effects a
big problem regarding to the partial discharge, which caused
substantial business losses and partial discharge analysis.
Previously, there were methods of examination and evaluation
using ultrasonic and acoustic waves, for this thesis saw the
importance of having studied and done. Test the transmission of
electromagnetic waves in a power transformer. The vector
network analyzer was used to measure and record the results. A
microstrip patch antenna was used to evaluate the experimental
measurements on the designed transformer wall at different
locations. The results obtained from the experiments will be
analyzed, evaluated, and compared to the transfer function of
the electromagnetic wave in the transformer. Considering the
transfer function, power delay profile, and path loss, in the cases
of no ohstruction and obstruction from the evaluation and
comparative consideration. Studies and experiments show that
the data obtained measuring electromagnetic wave
characteristics in transformers are guidelines in the study and
analysis of partial discharges in the transformer. And primary
data for the future amalysis of partial discharges in the
transformer.

Keywords— partial discharge, UHF method, transformer,
propagation loss, delay characteristic

I. INTRODUCTION

Electrical equipment being used outdoors (Outdoor) is
covered with insulating materials such as transmission lines,
insulators, insulator covers to protect animals, Ete. Must be
affected by much pollution for a long time, whether it is
moisture, dirt, or amimals. These pollution are essential factors
that cause damage to electrical equipment insulation. [t affects
the efficiency of use is reduced to cause a short circuit. It is
causing trouble for people who use electricity and instability
in the electricity supply system. That is one of the crntical
factors that limit the electrical safety of insulators in power
systems and cause damage to the insulation surface. Starting
from the phenomenon of partial electrical discharge on the
skin, Knowledge of the factors contrnibuting to insulation
deterioration and damage from burns is essential for system
stability. Proper design and operation of electrical equipment
Previous research have considered using ultrasonic and
acoustic emissions to analyze partial discharges in
transformers [1].

The acoustic output method measures Partial Discharge
(PD) in a resin dry type transformer. Moreover, a waveguide
on the transformer's high-voltage winding mproves the
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propagation of the acoustic signal using a coil with an acoustic
output sensor. A waveguide is proposed to mprove signal
attenuation rapidly. It is also a safe method for measuring
electrical equipment. The waveguide 1s alsomounted ona cast
resin dry-type transformer. Measurement and locating partial
discharge  signals for transformers are performed,
demonstrating PD locating in transformers [2].

Ultra-high frequency (UHF) is one of the frequency bands
regulated by the IEC standard to be used in the PD
measurement system of distribution transformer [3-6]. The
UHF is widely used in modern wireless communication
systems [7], e.g., Wi-Fi, television and radio broadcasting,
TIoT, cellular network, and UHF PD detection. An
investigation of frequency characteristics 1s necessary to
analyze UHF PD detection in distribution transformers
accurately. Various types of propagation models are proposed
to evaluate the propagation of electromagnetic waves in a

multipath environment. Path loss can be used to evaluate
transmission characteristics in  general electromagnetic
propagation systems. Which provides the ratio between the
transmitted and received UHF signals regarding different
distances [8]. The electromagnetic wave propagation
characteristic needs to be investigated and the transformer
tank’s effect to achieve precise PD detection.

The simulation design and actual measurement of the
electromagnetic waves in the transformer are proposed in this
research paper. Hence, an experimental setup was done in an
actual distribution transformer tank and used a UHF
microstrip patch antenna for both transmitted antenna (Tx)
and received antenna (Rx). The results are measured and
recorded with a network analyzer operating frequency in the
UHF band. A vector network analyzer and a microstrip plate
antenna were used to evaluate the experimental results. The
results of the measurements were analyzed and evaluated to
compare the propagation of electromagnetic waves.

The remaining part of this paper is arranged as follows. In
section TI, the analysis of electromagnetic waves will be
discussed, including path loss and power delay profile.
Section I will present this research paper's experimental
model and configuration. In section IV, the experimental
results are reported and discussed. Finally, the conclusion of
this research will be presented.
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Fig. 1. Electromagnetic wave propagation system analysis.

Vector Network Analyzer

Fig. 2. Model of electromagnetic wave propagation experiment.

II. ELECTROMAGNETIC WAVE PROPAGATION ANALY SIS
A. Path loss

In wireless communication, the main goal of propagation
simulation is to predict path loss. Path loss is the ratio of
transmit power loss to receiver power, representing the change
in the system's signal level regarding the propagation distance
[7]. Thus, in this research paper, the path loss will show the
electromagnetic wave propagation characteristics inside the
transformer. However, as the PD signal is in the time domain,
the path loss can be described in the time domain, which is
usually expressed in units of decibels, as shown in Eq. 1.

PL(t,d) = lOlog(vt (t,d))2 - 1010g(vr (t,d))2 . @D
when
PL (t, d) is the path loss in time-domain
v, (t,d ) is the transmitted waveform in time
domain
v, (t,d) is the transmitted waveform in time
domain
d is the separation distance between Tx - Rx
antennas

B. Power delay profile

Another popular parameter to analyze is the power level
of the signal coming to the receiver at different times and the
effect of multi-reflecting or multipath, as shown. It is the

80

AN\

relationship between the received signal's power level and
arrival time. In addition, the time distribution effect can be
taken into account. Delay time average and the propagation
value of the delay time RMS, calculated as shown in Eq. 2.

s , @
2
where
F.(z) is the received power from the direction j
z! is the delay time from the direction j

is the received signal amplitude from the

direction |

I1. EXPERIMENTATL CONFIGURATION

In this experiment, there will be a system to analyze the
channel propagation of the higher frequency band, as shown
in Fig. 1. A measurement simulation model was designed to
test the transfer function of antennas in transformers from the
transmitting side to the receiving side of 1616 positions. It
analyzes the transfer function of the transformer's antenna,
affecting the microstrip antenna's efficiency and
characteristics.

A microstrip patch antenna is used in the receiving and
transmitting sectors. The transmitting and receiving sectors
are attached to the transformer's wall by connecting them to
both the transmitting and receiving sectors. Change the
position of the transmission sector where model 16x16
positions are shown in Fig. 2. Then change the position when
one of the transmitting sectors sends to all the receiving
sectors. Figure 3 shows the actual picture during the
experiment, which took place in the transformer tank provided
by TESLA POWER CO., LTD.

The parameters used in this research paper are shown in
Table I. This experiment measure frequency ranges from 2.2
GHz to 2.6 GHz. Figure 4 illustrates a microstrip patch
antenna used as both Tx and Rx antennas. The Vector network
analyzer (VNA) is used in measurement equipment to record
the transmitted signal, where the transmitter port and receiver
port are set at port-1 and port-2, as shown in Fig. 3. It was
noted before initiating the experiment to maximize the signal -
to-noise ratio.
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TABLEL EXPERDMENTAL PARAMETERS
Parameters Values
Frequency 2.3 GHzto 2.5 GHz
Sweeping points 801 points
Transmitting Power 20 dBm

Tx — Rx Antennas Microstrip patch antenna

Radiation Pattern Unidirectional

Vector network analyzer Transmission microstrip antenna

Receiver microstrip antenna

Fig. 3. Experimental setup of electromagnetic wave propagation analysis.

Fig. 4. Microstrip patch antenna.

IV. RESULTS AND DISCUSSIONS

From the sample of the experimental results. The path loss
of the signal shows the relationship between the power loss in
decibels and the distance between the Tx - Rx antenna position
in the transformer under test. The highest path loss was 41.54
dB, and the lowest was 26.59 dB. The location with the path
loss values 1s the position of Tx6 with the receiver side Rx4
shown in Fig. 5. The position of Rx4 is located at the lower
comer, and there will be a total reflection in the transformer.

The position with the highest signal path loss is the Tx6
transmitting side position with receiving side Rx4. Due to the
antenna structure and total reflection in the transformer, the
receiving side Rx4 position is located in the lower cormer of
the transformer.

The power delay profile shows the power magnitude of the
signal at the receiver side microstrip antenna. The power level
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depends on the electromagnetic wave being reflected in the
transformer, where the wave may have a crossover or
reinforcement and cause time delay. Therefore, the incoming
wave has a different magnitude, and the time to receive the
contract will differ. In this research paper, amatched filter was
used. To filter the output signal's delay time by showing the
analysis results in a 3D graph The power delay profile can be
shown in Fig. 6 at the Tx6 position, or the midpoint position
of the transformer wall has the highest acceptable average
power level. The power delay profile of 16x16 has a similar
effect on path loss. Because the maximum received power is
located on the column opposite the transmitter side. The
transmitter side will receive relatively high power where the
column 18 opposite. It can be seen that the transmit and receive
16x16 positions at the Tx6 position, or midpoint position of
the transformer wall, have the highest acceptable average
power levels. The Tx13 or the top edge of the transformer has
the least acceptable average power level.

Path loss
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Fig. 5. Comparison of path loss between different Tx position: Tx4, Tx6,
and Tx13..
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Fig. 6. Comparison of power delay profile between different Rx position in
case of Tx6..
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V. CONCLUSIONS

This paper presents an evaluation of electromagnetic wave
propagation within a transformer. For their application in
detecting partial discharges, signal characterization in
transformers with microstrip antennas and vector network
analyzers was performed. Then the experimental results were
analyzed and evaluated by the MATLAB program. It uses a
matched filter to reduce the noise and show the result as the
path loss and the power delay profile. It can show the
characteristics of electromagnetic wave propagation occurring
differently, and the results of each antenna's position in the
transformer have been discussed. From the results, it can
conclude that the contributions of this paper are helpful in
UHF PD detection that requires an accurate model to evaluate
the TUHF transmission channel inside the distribution
transformer.
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Abstract— Power breakdown in high voltage transformers are
very critical problem which cause a serious loss to the related
economy. Partial dischargeis one of the causes thatissue the power
breakdown. To identify the partial discharge before the
breakdown occur, there are different kind of method, such as UHF
method, acoustic method and light phenomena. Since the various
kind of material in transformer which made partial discharge
localization become more difficult. To achieve high accuracy in
partial discharge localization in power transformer the min-max
technique and trilateration techmique with time of arrival and
received signal strength are intreduce in this research paper. This
paper focus on the partial discharge localization with UHF method
which use the advantage of electromagnetic signal to find the
partial discharge location. The set of mierostrip pateh antenna
which operate in UHF bandwidth ranging from 1 GHz to 3 GHz
are use as transmitter and receiver antenna. The measurement
results are present by the cumulative distribution function of
partial discharge localization distance error, to investigate the
suitable technique and parameter for partial discharge
localization in power transformer. From the result, the
trilateration technique with time of arrival parameter is provide
the most accuracy results than other technigue and parameter.

Keywords— Partial Discharge Localization, RSS, TOA,
Trilateration Techrique, Min-Max Technique

[. INTRODUCTION

Partial discharge localization is an important research topic
for analyse the transformer performance. Its require a state of art
from both electrical engineerng and telecommunications
engineering. Dielectrics material in the transformers may
degrade dueto the partial. There are various method to analyses
the partial discharge, in order to investigate a cause of partial
discharge, the UHF technique was introduced as one of the test
method that have better performance in term of electrical
interference when compare with acoustic method or electrical
based methods [1-3].

Partial discharge localization with UHF method is like the
normal wireless localization. Therefore, some parameter which
use in wireless localization can be use in partial discharge
localization, i.e., time difference of arrival, received signal
strength, angle of arrival, and time of arrival [4]. Various kind
of technique in wireless localization, e.g., min-max, weighted
centroid, and trilateration are able to apply in the partial
discharge localization [5-7]. The received signal strength and
time of arrival are parameter that take into account in partial
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discharge localization in this paper, while the separation distance
between target position and transmitter antenna are used to study
the suitable technique. The measure results are record and
collect by VINA with the operating bandwidth in UHF band. The
accuracy of the results are verify and evaluate with the CDF,
which present the comparison between each localization
techniques and parameters.

The structure of this paper is arranging as follow. The system
model of the partial discharge localization including model,
parameter, and method are describe in section II. In section III,
the experimental model is present. Section IV and V will discuss
the experimental results and conclusions, respectively.

II.  SYSTEM MODEL OF PARTIAL DISCHARGE
LOCALIZATION

A.  Propagation model

The propagation system model in this paper is consider use
the typical sinusoid waveform as the transmitted wavetorm, due
to the similarity of wireless communication and partial
discharge localization with electromagnetic method m UFH
band. The mathematical form of sinusoid waveform can be
described as.

y(t) = dsin(2z ft + ), 1)

Where the waveform in function of time is y(¢), the amplitude
of signal waveform is 4, the signal waveform phase is @, while
the frequency of signal waveform is f.

The spectrum density of the received propagation signal
V.{f) in this paper can be given in mathematic form as.

VO =V(NHH.(f) @

where the transfer function of propagation in frequency domain

is Hf) . The IFFT can used to determine the received
wavetorm as describe in Eq. (3)

v ()= V.(f)ed @
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B.  The parameters of partial discharge localization

The location estimation of partial discharge can be done by
using various kind of parameter. The common parameter that
usually consider used us the received signal strength. [t is focus
on the location estimation with the relationship between
received signal strength ant the separation distance between the
propagation source and the target position. In this paper, the
maximum value of received signal strength (max?,.) is describe
in mathematic form as

voll. @

max P =log [max

The maximum value od received power will used to
determine the separation distance between the propagation

source and the target position dpgg by the following equation

|P=p {i10m)
dygs = dy.10 2 5)
where the parameter dy is the fixed distance from the
propagation source, Py is the power received at the propagation
source, and n is the path loss component.

Another parameter that can use to estimate the partial
discharge distance is time of arrival. It is considering the
propagation time of the signal from the propagation source to
the target location. The time of arrival parameterusually present
in term if time delay which can be describe as

T :Ell'gI'ﬂEI,X|Vr (f)|, 6)

When the time delay can use to determine the estimation
distance with time of arrival parameter drg, by the given
equation.

dros = C.1,(15), @)

where ¢ is the propagation speed of electromagnetic wave, and
the maximum time dalay is 7;{ns).

C. The techniques of partial discharge localization

There are various kind of wireless localization techniques
[8.9]. However, in this research, the min-max and trilateration
technique are present. The similarity of these two technique is
the benefit from the intersect area of the geometry shape in each
technique that assume as the propagation area of the
propagation source as present in Fig. 1 and Fig. 2, respectively.
The parameters are used to estimate with these two technique,
by consider the relationship between time and distance and the
relationship between signal strength and distance.

In trilateration technique, the target location can be
determimmed by the circle equation which use to determine the
cross line between three cicles m the intersect area. The

mathematic form of the circle equation according to the time of
arrival parameter and received signal strength parameter are
describe as

()c—a)z—i—(y—b)2 =d

TOA2 > (8)
and

(x—a)2+(y—b)2 =d

RSS2 ? ®

where (a,b) and (x,y) are represent by the location of the target
position and propagation source in coordinate system,
respectively.

III. PARTIAL DISCHARGE MEASUREMENTAL SYSTEM

The measurement of partial discharge was done by using
VNA to record the channel transfer function of propagation
signal. The UHF band is considered use as the operate
bandwidth. The microstrip patch antenna is use as the antenna
for both transmission side and receiver side.

The measurement model is separate into two part. The first
step is done by initiate the channel transfer function
measurement in the assigned reference position. The reference
position is use to verify the accuracy of the measurement result
n term of distance error. In the second step, the channel transfer
function in all target position will be measured. The distance
error of the results 1s verified and evaluated by the CDF. The
measurement parameter is present in table. 1

TABLE 1. PARTIAL DISCHARGE LOCALIZATION MEASUREMENT
PARAMETER
Parameter Value
Frequency Bandwidth UHEF: 1-3 GHz

Type of antenna Microstrip patch antenna

Reference position 45 positions

Target position 81 positions

IV. RESULTS AND DISCUSSIONS OF THE PARTIAL
DISCHARGE LOCALIZATION

The distance error of the results is present in Fig. 4-7. The
comparison of CDF of the trilateration technique with time of
arrival parameter and received signal strength parameter are
present in Fig. 4 and Fig.5, respectively. The results present the
significant different between two parameters. The time of
arrival parameter have the accuracy more than the received
signal strength parameter. In Fig. 6 and Fig.7, the comparison
of distance error of min-max technique with the proposed
parameter is presented. The results from min-max technique
present the similar distance error in both parameter.
Nonetheless, from the results, it is present that the trilateration
technique have more accuracy than the min-max technique and
the time of arrival parameter have more accuracy than the
received signal strength parameter. The average distance error
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and maximum distance error of each techniques and parameters
are present in table I1.

TABLE II. THE DISTANCE ERRCR OF THE MEASUREMENT RESULTS
Distaitice Trilateration Min-max — ”":’-; "
Error (m) TOA RSS TOA RSS / -
Average 021 0.48 0.6 0.63 / \‘
Maximum 041 1.56 2.09 2.09 / |
/ [ ! 70em
Rx
Aand B [
|

e e —
L = .
Teem e
v : N\ |

ﬁ/\&/ Fig. 3. Partial discharge localization system model.

V. CONCLUSION
c The partial discharge localization measurement with the
comparison between different kind of localization techniques
and parameters is describe in this paper. The measurement is
based in the electromagnetic method with the operate

bandwidth in UHF band. VNA and microstrip patch antenna are
used to measurement the channel propagation transfer function
of the result. The distance error of each parameters and
techniques is present in term of CDF. The Trilateration
technique perform the best accuracy among the proposed
techniques. And the time of arrival have the accuracy more than
the received signal strength parameter. Therefore, the
\ trilateration technique with time of arrival parameter is the most

Fig. 1. The trilateration technique.

P % accuracy in this research. The results of this rescarch are useful
for the partial discharge localization with electromagnetic
/ method. Moreover, other parameter and technique should be

2 mvestigated to determine the optimum method in partial

/ ' discharge localization in the future.
di %4 ’
09F "
\ N ) |
S o6l 1
05k E
D4ar 4
03f j—/ 4

Fig. 2. The Min-Max technique. od / 1

CDF

Distance error (m.)

Fig. 4. The CDF of distance error using trilateration technique with RSS .
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Fig. 5. The CDF of distance error using frilateration technique with TOA.

il 1 L I
a ns 1 1.5 2 25

Distance error {m.)

Fig. 6. The CDF of distance error using min-max fechnique with RSS.
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Fig. 7. The CDF of distance error using min-max fechnique with TOA.
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